ABSTRACT A kind of digitally designing and manufacturing system for the gradient heterogeneous 3-D printing was designed. The molar model of PLY format was composed based on the CT images, and a novel method for the gradient heterogeneous material model designing based on the material distribution control function and the sliced edge rings was proposed. The point color slicing algorithm based on the topological structure was achieved. Based on the system, a gradient heterogeneous dental model was prepared. The algorithm used for constructing and slicing of the molar model could store the geometry and material information effectively, and maintain the compatibility for the heterogeneous 3-D printer. The system supplied a fast and integrating method for the heterogeneous 3-D bio-model printing.
I. INTRODUCTION
Heterogeneous 3D printing is a kind of 3D printing technology for the heterogeneous object, the material of which is distributed specifically and the bio functional part can be prepared with this kind of technology [1] - [5] . The heterogeneity of the tissue material is an inherent characteristic of the organism, and the mechanical, precision and especially functional requirements are real challenges for the heterogeneous 3D printing [6] - [11] . Mathematically modeling of heterogeneous bio-model is the precondition for the 3D printing, and the printing technique is the key for the heterogeneous object.
Many researchers have put their efforts on the heterogeneous 3D printing especially for the mathematically modeling of heterogeneous bio-model. The methods for the heterogeneous 3D model construction include modeling with voxel [12] - [15] and representing with traditional boundary. The advantages of the voxel modeling method are that the unit density is controllable and the local geometrical features are adaptive, and it can accurately express the material distribution characteristic of the 3D heterogeneous material model, especially for the three-dimensional entity with inhomogeneous material distribution. The voxel modeling methods are broadly classified into the following categories: entity-based topology optimization method, [16] spatial distance field based method, [17] bounding box theory based method, [18] and hardware equipment based voxel modeling method [19] , [20] . The accuracy of the voxel modeling method is high, but it needs a great storage space and the slicing process is complicated. Thus the voxel modeling still needs to be improved and optimized.
Based on R-Rep, Kumar et al. [21] , [22] realized HEO model through combining the set of r set which expressed the shape information and the set of r m which expressed the material information. The geometric information was expressed through the geometric space and the material information was expressed by its subordinate space. The modeling method uses r set and regular Boolean operations based on regular sets to determine the non-manifold properties of geometric and topological features of heterogeneous material parts. Kou et al. [23] , [24] proposed a geometrical modeling method based on B-Rep and heterogeneous material characteristic tree modeling method. The one-dimensional curve feature and the two-dimensional region feature were firstly defined and the corresponding general formula of the material composition was given out to express the material information.
The material properties should be considered when slicing the heterogeneous material model. Kumar et al. [25] proposed a heterogeneous entity slicing algorithm through controlling the geometry and material properties, but this algorithm drew back on the 3D models with gradient changing material. Zhou [26] used two variables (geometry-based layer thickness and material-based layer thickness) to determine the slicing thickness and gave a method to calculate the two variables and the final layer thickness selection strategy. Based on the geometrical information and material distribution information, Wang et al. [27] proposed a self adaptive slicing algorithm for the functional model with gradient material by the finite element method. Dolenc and Mäkelä [28] proposed a self adaptive slicing algorithm for ideal material based on the material gradient and the normal direction of the surface. These methods mentioned above laid a foundation for the 3D printing of heterogeneous material object, but limitation of the printing material, the low accuracy and efficiency has constrained the wild application.
This paper introduced an integrating method for the 3D printing of gradient heterogeneous bio-model based on the CT images. Firstly, the designing and manufacturing process was determined, and the CT images were constructed through marching cubes algorithm and stored by PLY file. Then, material distribution and topology algorithm was proposed to map the gradient heterogeneous material information and the CAD gradient HEO model was sliced and colormapped. Finally, a gradient heterogeneous dental object was 3D printed with a home developed 3D printed system.
II. DESIGNING AND MANUFACTURING METHOD
Building 3D CAD model: the 3D dental bio CAD model was obtained through reverse construction with the computer tomography images and exported to standard monochrome data models of PLY files. The geometric topology of the shape (with triangular surface model data) and material structure (with color information) were partially designed to meet the functional requirements.
Slicing the 3D CAD model: the goal of the digitally slicing stage was to transform the PLY model with structural and material information (color information) into a series of 2D colorized image files. The manufacturing information should correspond to the color and structure information.
Ink-jetting 3D printing: the goal of the digitally manufacturing stage was that the computer could analyze the information of every layer of the sliced images and send the effective information to the home-developed multi-material 3D printing system. This system combined the ink-jetting and 3D rapid prototyping, and the solutions containing different materials respectively corresponded to the dispensing nozzle system.
III. PREPROCESSING OF THE GRADIENT HETEROGENEOUS MATERIAL CAD BIO-MODEL A. PROCESSING AND STORING OF THE CT IMAGES
Based on the X-ray attenuation coefficient of the bio object, the cross-sectional images were reconstructed with mathematical method through computer processing. Then, these CT images were reconstructed through marching cubes algorithm [29] - [31] as shown in the figure 1. The CT images were treated as 3D data field, and the data with specific thresholds were extracted respectively and connected into triangles in a form of topological connection. The 3D model was stored in the format of PLY. The PLY file could express the geometry information and save the color information at the same time. It uses a series of vertices, polygon planes, normal vectors, and colors to describe 3D solid surfaces. The typical PLY file includes format flags, version information, elements and attributes, and header and end tags. The storage information includes header files and data areas, and the data area consists of a list of vertices and faces and a list of other elements. The first vertex was marked as P 0 . The assignment of the serial number on the name, the coordinates and colors were 0, and so on for other vertexes. The form of the storage was shown in the table 1. 
B. THE MATERIAL DISTRIBUTION AND TOPOLOGY
For the functional gradient HEO model, the geometric space is defined as G and then the material composition was defined through the mapping function f . The modeling space of HEO is composed of geometric space G and material spaceM (x), and written as {G, M(x)} or E 3 × E k , where E 3 is the threedimensional geometric space and E k is the k-dimensional VOLUME 4, 2016 material space. k is the material types of HEO (k≥1). For a certain point P, the complete representation is written as follows:
Where P g represents the geometric space of the point P, and x, y, z is the geometric coordinate of the point in Euclidean space E 3 . P m represents the material component number of the point P. The material composition refers to the composition of each material in an area in the material space E k , generally expressed as a volume fraction of each material, and k is the kind number of materials. The material weight r i (i = 1, 2, . . . , k) can be expressed as a vector r, and the sum of the body components of all materials should be 1. The material components r i should satisfy two conditions:
Where f (r i ) is thei th type material gradient distribution function, and r i is the distance ratio between the current position and the reference point. If the total type of the material was n, and the maximum material type for the random point on the HEO was n, then the sum of the volumes of all materials is 1, and the total volume of materials M is written as follows:
The starting reference features for the changing of the HEO is the gradient source and they are closely related to the definition of the material. Usually, the reference features could be a point, a line or a face. The reference face includes plane features and contour surface features, and the reference features are often selected according to the geometry of the object. For the spherical objects, the center of the sphere was the most convenient reference feature, the rotation axis for the cylindrical object, and the plane for some others. The surface profile was generally chosen for the complex objects. Three kinds of common functional gradient objects were shown in the figure 2, and the gradient sources were a point, a line and a surface respectively.
The material index numbers are related with the starting reference features, the reference point in the figure 2(a) satisfied the following conditions:
The reference axis in the figure 2(b) needs to satisfy that,
Where p sta and p end were the known points on the axis, and then the function of the reference axis could be derived. For the starting reference feature of the figure 2(c), the reference plane should satisfy that,
Where p 1 , p 2 , p 3 and p 4 were known points on the plane, and based on the points, the function of the reference plane could be derived.
The functional gradient HEO was a kind of compositing material on both sides, and the change of the material composition from the beginning to the end follows a certain material gradient function and defined as f (r i ). If the starting and ending matrices of the material are defined as M1 and M2 respectively and the material properties of any point P on the HEO is defined as M i , the relationship between them is as follows:
For the HEO 3D printing, if the geometric coordinates of the HEO are determined, the material distribution function can be mapped to the points on the spatial geometry coordinate through the material distribution function. f (r i ) could be a linear function or a nonlinear function, and classified as follows:
Where the functions 1-4 respectively represent that the material compositions are unchanged, and changed linearly, nonlinearly, and periodically. α, β, and λ are constant.
C. THE MODELING ALGORITHM FOR THE GRADIENT HEO
The geometrical feature of the HEO was selected as the reference feature for the material distribution. The distance to the reference feature was assigned as the variable for the material component distribution function, and the material component values are assigned to each voxel. Then the gradient HEO model was constructed based on PLY files, and the detailed algorithm is described as follows:
Stpe1: Read-in of the PLY data file: read in the header file and the list of vertices, find the maximum and minimum 8816 VOLUME 4, 2016 coordinates and carry out the Boolean operation to establish the smallest bounding box (x min , x max , y min , y max , z min , z max , )
Step2: Initialize the PLY data file of the object, and construct the empty material data set Empty Material. Each RGB value of the vertexes on the 3D PLY model were (0, 0, 0).
Step3: The material information data P.Color was generated based on the geometric position information data P. Point of the vertexes on the PLY triangle facets. Set the geometrical feature as the reference feature and the minimum distance d from the target point to the reference feature as the independent variable to design the material distribution function. In order to simplify the domain of the 3D data model, the distribution function should obey the rule of section 3.1.
Step 4: Set the material distribution function based on the f (r i ) function types of 1-4. The material information was mapped to the spatial nodes of the PLY 3D model along the normal direction of the reference feature based the selected function of f (r i ).
Step 5: Re-read the geometry data and color information to realize the visualization of the functional gradient HEO and export the final PLY data file.
In order to verify the reliability and effectiveness of the proposed algorithm for the gradient HEO model, the molar was processed into gradient heterogeneous model. The bottom plane of x and y were set as the reference feature, and the material distribution function was along the direction of z. The material distribution functions were set linearly and periodically and results were shown in the figure 3. The algorithm proposed was very convenient to be operated and expanded, and heterogeneous material distribution function could be controlled directly.
IV. SLICING AND COLOR-MAPPING OF THE CAD GRADIENT HEO MODEL A. THE CAD HEO MODEL SLICING
The geometry information and color information of the vertices on the triangular facet were expressed as
The facet intersecting into the triangular facet was shown in the figure 4. The facets used for intersecting were paralleled with horizontal plane and had a specific distance along Z direction. Assuming that the intersections are p s and p e , the information of the intersections include geometry and color and is similar to p 0 .
Assuming that the slicing height was z = z i , then the geometry information and color information of the intersections were p s [(x s , y s , z s ) , (R s , G s , B s ) ], p e [(x e , y e , z e ) , (R e , G e , B e )]. As the intersections were on the intersecting facet, the geometry information of p s (x s , y s , z s ), p e (x e , y e , z e ) satisfied that z i = z s = z e , and the formulation to determine the coordinate values of x and y is as follows:
The coordinate information of p e could be calculated with the same principle of p s .in order to improve the printing accuracy, we added a serial of interpolation points between the intersection points of p s and p e . The number of the interpolation points was determined by the distance of p s and p e and the slicing thickness h s . The discrete points were named as p s0 , p s1 , p s2 , · · · p k−1 , and p s0 = p s , p k−1 = p e . Any discrete point p si [(x si , y si , z si ) , (R si , G si , B si )] was calculated as follows:
Where i was number of the ith intersection point of p s and p e , and the value range was [0, 1, · · · , k − 1]. The geometry information and color information of all the intersection points could be obtained by this method.
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B. COLOR INFORMATION OF THE CAD HEO MODEL
The material distribution was directly influenced by the color information of the intersection points, which could even affect the accuracy and performance of 3D printing HEO. For the 3D point color CAD model, the composition of triangular patches is the triangle vertex index number. The coordinate value (x, y, z) and color value (R, G, B) could be indexed by the vertex index number of the triangular patch. The geometric and color values of the three vertexes and the geometric coordinate values of the interpolated intersections between adjacent edges are known, and then the color values could be calculated. The height z of the sliced layer was z i , and the color information R of any interpolation points between the intersection points p si was calculated as follows:
Where u and v are unknown function parameter, and related the geometry coordinate values of the points to be calculated. The triangular patches satisfy the following relation:
As shown in the figure 1, the geometric coordinates and the color attribute values of the vertices p 0 , p 1 , p 2 are known in the geometric coordinate system. The geometric coordinates of the interpolation points p si are also calculated in the previous section. Substituting the geometric coordinates of the corresponding points into the above formula, the following formulation could be obtained.
Then the following results could be derived:
And the following conditions must be satisfied.
The color property value R of any interpolation points p si on the current sliced layer could be calculated through the above formulations. The solving equations of the color property value G and B for the interpolation points p si are the same as those of R.
C. THE SLICING ALGORITHM PROGRAM FOR THE GRADIENT HEO 1) DETERMINING OF THE SLICING DIRECTION
The total printing time, the number of sliced layers, the component strength, and the surface integrity were directly influenced by the slicing direction. The optimist slicing direction should be found to raise the printing efficiency before slicing the CAD model. The purpose for the selection of the direction is to shorten the molding time and improve accuracy.
2) OVERALL GROUPING
The gradient heterogeneous PLY file was inputted and the result file was a set of intersected triangular facets with the slicing height. The detailed procedure is as follows:
Step 1: Read the header of the PLY file and determine whether it is the PLY format, and if so, carry on the next step, otherwise the program was terminated;
Step 2: Read the first triangular patch of the facet list in the PLY file, and input the current value z i of z axis of the sliced layer;
Step 3: Index the coordinate values along the slicing direction through the triangular facet, compare them with that of the slicing plane and determine whether the triangular facet intersected the slicing plane. For example, the slicing direction is along the axis of z, and the slicing thickness is h s , then determine the triangular facet is on the same side of the slicing plane or not. If they are on the same side, the facet is not intersected and the program turns to the next step. If not, the facet is on the slicing plane and the program turns to step 5.
Step 4: Construct the set of the intersected triangular facets, and save the facet number in the set.
Step 5: Determine whether the triangular facet is the last one. If so, turn to the next step, if not, read the next triangular facet of the PLY facet list, and turn to step 3.
Step 6: Determine whether the value z i of z axis of the sliced layer is larger than the height of the model. If so, terminate the program, if not, turn to step 2.
3) SORTING AND RECONSTRUCTING OF THE CONTOUR
The slicing algorithm is the core for the generating of the set of the model cross sections. The set of the intersected triangular facets was inputted and the output file was the pieces of sliced layers which were composed of the slice rings.
Step 1: Read the list of the intersected triangular facets on a certain slicing plane, and initialize the set of the edge ring set as empty. Initialize the triangular facets in the list with total number of N , and make the checking mark of the facets as False. Initialize the serial number I of the facets to be inspected as 0.
Step 2: Determine whether the i th triangular facet satisfies the conditions that the checking mark was False and intersected with the slicing plane. If so, carry on the next step, if not, execute the step 8.
Step 3: Set the checking mark of the i th facet as True, and find the first intersecting edge, the initial edge, based on the rule for the selection of the first point.
Step 4: Add the intersecting edge to the ''edge ring'', check the intersecting plane according the topology relation between the facets, and set checking mark as True.
Step 5: Find the stepping intersecting edge in the plane based on the rule for the selection of the stepping intersecting edge.
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Step 6: Checking whether the stepping edge was coincided with the first edge. If so carry on the next step, if not, return to the step 4.
Step 7: Add the ''edge ring'' to the set of the edge rings.
Step 8: i = i + 1, read the next triangular facet.
Step 9: Checking if i is less than N , and if so, carry on the next step, if not, return to the step 3.
Step 10: Build ''color rings''. According to the color texture object of the constructed vertexes, calculate the color point series between the neighbor edges. Add the intersecting point to the ''color ring object'', add the color ring object to the ring set, and carry on the next step.
Step 11: End the current slicing, and output slicing object which stores the list of the closed profile ring of the section.
The flow chart for the global grouping algorithm is shown in figure 5 . The triangular facet was selected firstly, and the set of the edge ring is constructed which is a serial of the intersected edges and realized with ''Get Edge Rings'' on the ''Face Model''. Then according the edge ring set, the type of the model is checked and the cross section object is 
V. PREPARATION OF THE CAD HEO MODEL BASED ON INKJET PRINTING A. THE INKS FOR THE 3D PRINTING
The 3D color powder printer was equipped with four inkjetting nozzle, which contains cyan inks, magenta inks, yellow inks, and white adhesive inks respectively. The ink binders were composed of surfactant, preservative, glycerin, pigment, buffer and water. The component percentages were respectively <1%, <2%, <10%, 5%-40%, 0.25%-3% and 65%-95%. The proportion of water was dominant, and it was used for dissolution of other components. Glycerin acted as a thickening agent. Pigments helped to color the adhesive. Preservatives can be used to prevent the growth of bacteria. The effect of the buffer is to reduce the influence of external conditions on the inks and the surface pressure of the inkjet droplets. The composition of the ink binder can be adjusted to change the density and viscosity. 
B. THE 3D PRINTING OF GRADIENT DENTAL HEO
The schematic of the 3D printing system is shown in the figure 6. The powder feeding platform was fully fed firstly, and then the Z-axis drive motor drives the screw to raise the forming platform to a certain height. The powder in the feeding platform was spread on the forming platform by the sliding roller. Based on the processing result of the two-dimensional contour interface data of the sliced layer, the jetting nozzle controller circuit makes the nozzle moving and jetting out of the four kinds of color inks on the powder to finish the printing of the current layer.
Then the feeding platform was raised relatively a certain height (h s ), and the forming platform was descended to a relative height (h s ). The sliding roller spread the powder from VOLUME 4, 2016 the feeding platform to the forming platform and the jetting was repeated for the next layer. The HEO 3D printing was finished until all the sliced layers were printed on the forming platform. The tooth model was constructed firstly based on the CT images, and then a PLY format dental model was constructed based on the geometry and material information of the tooth through the method mentioned on the section 3 as shown in the figure 7(e). Then, the PLY dental model was sliced, and h s was 100 µm. The output resolution was set to 600×600 dots per inch and the sliced layers were saved as TIFF format pictures. The TIFF pictures were RIP processed as shown in the figure 7(a-d) and imported into the 3D printer. The forming platform was kept at 60 ř for 1 hour to enhance the dental model intensity. The 3D printed Heterogeneous dental was taken out of the forming platform when dried totally and post-processed. The 3D printed Heterogeneous dental was shown in the figure 3(f-g), and result showed that the CT images of the bio object could be constructed into heterogeneous model and sliced for 3D printing, and the 3D printed bio-object could exhibit the detail of the heterogeneous model. The surface of the printed dental object was stuck by some white powders, and the color of the model was covered. After post-processing, the light green color on the model appeared a little deeper, and the transition area from green to red was not obvious as the dental model in figure 7 (e).
The first reason for the color deviation is that the color distortion occurred during the data processing of the subtractive CMYK data converted from the RGB color-added PLY model. It requires building a three order multiple regression mathematical function model to reduce the chromatic aberration after matching. The second is that the ink is impure. The CMY raw ink used in this paper should produce black color theoretically when mixed in an equal proportion. But in fact, it appeared brown. The reason is that other impurity components existed. Therefore, it is a key issue to develop appropriate raw inks for realizing the 3D printing of the gradient HEO. The third reason is that the distance between three-dimensional nozzle and powder is too short, and the powder particles in the low position may do Brownian diffusion movement, resulting in blocking of the nozzles. The auto cleaning module should be added and the nozzle should be cleaned regularly to reduce the blocking.
VI. CONCLUSION
Here in this paper, we demonstrated a novel method for modeling and 3D printing the 3D gradient heterogeneous bio model based on the CT images. The single color 3D bio model could be constructed, and the gradient material distribution and topology algorithm could map the material information to the 3D CAD model according the functions. The slicing algorithm for the HEO model was efficient and time-saving, and the inside and outside contours of the cross section on the sliced layer could be rapidly constructed. Based on the heterogeneous 3D printing system, a dental model was prepared and exhibited the details of the gradient heterogeneous material information. This method supplied an integrating strategy for designing and manufacturing the gradient heterogeneous bio models. RONGJIAN XU received the B.E. degree from the Nanjing Normal University, China. He is currently pursuing the degree with Nanjing Normal University and the Jiangsu Key Laboratory of 3D Printing Equipment and Manufacturing. His research interest is CT data reconstruction and vascular stent 3D printing. VOLUME 4, 2016 KELOU LI received the B.E. degree from Nanjing Normal University, China, in 2015. He is currently pursuing Nanjing Normal University and the Jiangsu Key Laboratory of 3D Printing Equipment and Manufacturing. His research interest is CT data reconstruction and alveolus stent 3D printing.
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